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I. Introduction

The control of light beams propagating either in free space or within an optical system is
a matter of continuing concern and interest in the scientific and engineering community. Intense,
monochromatic, highly directional laser radiation is used in a variety of applications and the
control of the phase, amplitude, polarization, and direction of this radiation is of great importance
to many optical applications. Both dynamic and passive schemes have been developed to control
beam parameters. Dynamic control is generally achieved by means of an active feedback
mechanism whereas passive schemes rely on intrinsic, generally nonlinear, properties of
materials to achieve the control function. ‘

Recent research has focused on the development of passive optical control devices [1].
Passive systems may be very simple and very fast; however, they place great emphasis on the
nonlinear optical properties of the media used to fabricate the control device. Practically any
nonlinear process is a potential candidate for such a device since all exhibit a dependence on the
intensity or fluence of the incident radiation. The nonlinear process itself can result in

absorption, scattering, or refraction of the beam, thereby altering the amount of light incident on
the sensitive optical element. '

It is natural to inquire whether materials may be fabricated possessing greatly enhanced
nonlinearities, typically expressed in terms of exceptionally large values of the third-order
nonlinear susceptibility, y ). In this Grant, we have investigated the optical nonlinearities of a
novel material, metal colloid fractal aggregates, as well as composites in which the fractal
material is embedded in a dielectric microcavity. Since the fractal aggregate exhibits a
broadband spectrum of high-Q resonances as does the dielectric microcavity, not only will
optical nonlinearities may exceptionally large but they may be excited by modest pump beams.

There are well-established techniques which may be used to fabricate fractal media and to
prepare them for experimental study. We have produced fractal aggregates of silver colloidal
particles of the order of 20-30 nm in size from a silver sol generated by reducing silver nitrate
with sodium borohydride. For experiments in which fractal aggregates are coupled to a dielectric
microcavity, we use the simple technique of dipping a hollow microcylinder into a parent

solution of aggregates where capillary refill introduces the aggregates into the hollow
microcylinder.

II. Work done under grant

The publications (1-13) and conference presentations (a-1) listed in Section III describe work
done at least partially in support of this grant. During the grant, several types of theoretical and
experimental investigations were performed with the unifying goal of understanding and
quantifying the enormous enhancement of nonlinear optical responses in fractal aggregate and
fractal/microcavity composite media. Some highlights of these investigations are given in the
following paragraphs together with literature citations to the entries in Section ITL

1.Photomodification*** ---A well-known physical process in which light can change the
stucture of material objects because of absorption. However, in fractal media, the presence of
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highly localized, high-Q fractal resonance modes extremely strong spatially localized
photomodification in sub-wavelength regions for low pump powers.

2. Near-field**"--since the spatial scale of the photomodification is sub-wavelength, near-field
microscopy may be exploited in its investigation.

3. Lasing3’m---Thjs was the first nonlinear emission from fractal/microcavity composites
observed in our laboratory.

4. Hyper-Raman®'"'%*®---We have observed 2™ and 3" order, hyper-Raman scattering (HRS)
from molecules adsorbed onto fractal/micricavity composites for pump powers of a few mW.
5. Nonlinear quantum well emission'>**"---We have observed nonlinear, multi-photon, emission
from metal nanoparticle, quantum well structures using both pulsed an cw pump beams.
Nonlinearities occur for extremely low pump powers. We have also observed second harmonic
generation (SHG) from these particles, however, with a pump power dependence that varies from
the square-law dependence familiar from bulk SHG.

6. Non-degenerate four-wave-mixing O\IDFWM)ﬁg’i---We have observed NDFWM from
fractal/microcavity composites for mW pumpin% sources and sub-pW probe beams. We estimate
the gain in the NDFWM emission to exceed 10"

7. Third-order refraction (Kerr effect) and abserptiens‘c-«We have observed third-order
nonlinearities (refraction and absorption) from metal nanoparticles. These materials exhibit
strong optical limiting characteristics.

8. General studies of optical nonlinearities in nanostructured sysrems™”">---We have observed
nonlinearities in nanoscale metal structures and in fractal aggregates of nanoparticles.
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